An investigation was conducted to examine the effects of a variable flow low pressure turbine on a variable cycle engine's performance.
A method of matching variable cycle engines that was developed Cranfield University was adapted to cater for the use of a variable flow low pressure turbine. It was discovered that the implementation of variable geometry within the low pressure turbine could significantly reduce the requirements for variable geometry within the compressor system, at the cost of replacing well proven compressor variable geometry with high risk technology within the LP turbine.
Utilising the variable flow turbine to expand the bypass ratio range of the engine was studied. Increasing the LPM bypass ratio to 1.1 and 1.2 yielded SEC reductions of 3% and 5% respectively, reducing the bypass ratio of the HPM to 0.1 gave a 20% increase in specific thrust. It was found that the performance benefits gained'from expanding the bypass ratio are large enough to warrant further investigation into this concept. 
NOMENCLATURE

INTRODUCTION
Combat aircraft performance is usually classified under three headings, field requirements (take off and landing) mission requirements (which the performance in particular specific fuel consumption (SFC) must be adequate) and point requirements (e.g. combat situations). As there is no single engine to perform the various roles in an optimum way the final choice must be a compromise, as the range of operating conditions increase the performance penalties become progressively larger.
Different power plants exhibit varying characteristics for different flight Math number (Figure 1 ). It can be seen that for subsonic flight the turbofan has the best SFC, for supersonic thrust the turbojet exhibits the best SFC characteristics and for flight speed above M = 2.5 the afterbuming turbojet works best These variations are due to the increase in momentum drag with flight speed.
This illustrates that it would be desirable to operate different engines at different flight speeds. If the themiodynamic cycle of an engine can be varied by changing the bypass ratio with flight speed, the aim of operating different Presented at the International Gas Turbine & Aeroengine Congress & Exhibition Indianapolis, Indiana -June 7-June 10, 1999 engines can be achieved. This is the philosophy behind the variable cycle engine (VCE) concept, which requires variable geometry hardware That will allow the engine to operate with radically different operating points and thermodynamic cycles.
SFc
It is possible to bleed the bypass air from either the LPC delivery or from the IPC delivery. At subsonic flight speed the air is bled from the back of the LP compressor and it can be directed either vertically downwards through vectoring nozzles or expanded, to give thrust in the conventional direction through a nozzle at the rear of the engine. During supersonic flight the bleed air valve at the back of the LP compressor is shut and the bleed valve at the back of the IP compressor is opened. The flow is expanded through a convergent-divergent nozzle mounted with the core nozzle at the rear of the engine.
PERFORMANCE
The two modes of operation have been designated the LP mode and HP mode, this relates to the pressure of the air in the relative bypass steams. The Selective Bleed Variable Cycle Engine (SBVCE) was first enMsaged by Adkins and Pihdis [1] in the mid 1980s. Since then there have been a number of research projects associated with this engine at Cranfield University. The SBVCE was later developed by do Nascimento [4] for his PhD research project and this engine configuration provided the base model gas turbine for this paper. The intended application of the SBVCE is an ASTOVL fighter aircraft. The SBVCE is a two spool turbofan ( Figure 2 ). It has two compressors on the low pressure (LP) spool and one compressor on the high pressure (HP) spool. These compressors are the low pressure, intermediate pressure and high pressure compressors (LPC, IPC and HPC) respectively. Each spool is driven by its own turbine, the HP turbine drives the HP compressor and the LP turbine drives the IP and LP compressors. This configuration proved to be the best after trials with other spool layouts, with two and three compressors. The engine has been designed to achieve two objectives in different parts of the flight envelope, good subsonic SFC and a dry supersonic cruise capability. To achieve these goals, it operates in two different manners.
IP Meal Valve
Cruise dry at Mach 1.2 Bypass from IP compressor exit Medium bypass ratio (BPR=0.4) High fan pressure ratio Mixed exhaust streams
The engine has an afterburner, for conditions such as combat, where an increase in specific excess power (SEP) is required.
For hover and subsonic flight the bypass and core flows will be split immediately down stream from the LP compressor, this is the LP mode of operation, the LP valve is opened and the HP valve is closed In these circumstances the engine will operate as a medium bypass turbofan (BPR=1) giving low SFC and low specific thrust, these characteristics are suited to subsonic flight In addition the high bypass mass flow gives a good thrust split between the cold and hot streams i.e. front and rear nozzles, a precondition of V/STOL operation.
In the LP mode the jets wig be discharged through separate front and rear nozzles. One of the constraints imposed upon the engine is the jet eAt temperature which has been limited to 1000 K during V/STOL operation to minimise ground erosion and hot gas ingestion problems. In the LP mode two methods of operation may be chosen hover and forward flight
For supersonic cruise a cycle with high specific thrust is required. This is achieved in the HP mode by closing the LP valve behind the LP compressor and opening the HP valve behind the IP compressor. Operating the engine as a low bypass turbofan (BPR=0.4) resulted in an increase fan pressure ratio and hence an increase in specific thrust. The design point characteristics are shown in Table 1 for equality, The compressor running lines are plotted in Figure 3 , it can be seen that the HP compressor lines are aligned allowing satisfactory operation without the need for variable geometry. However it can be seen that the LP and IP compressors will require variable geometry to bring the running Ones closer. The IP compressor requires extensive use of variable geometry.
VARIABLE FLOW TURBINES
The turbine nozzle guide vane area is a critical parameter in engine design as it defines the surging, acceleration and SFC characteristic of the engine. The turbine is normally choked over a wide range of operating conditions. This fact limits the compressor running line and hence the engines operational flotibitity. Since one duty of turbine nozzle guide vanes is to direct the flow onto the turbine blades at the correct angle to produce a force in the plane of the rotor, then ideally this angle should change with flow conditions. However they are kept fixed to reduce mechanical complexity as the hot section of a gas turbine is a hostile environment, gradually, however it is expected that technology advances will reduce the current high risk of installing variable geometry in the hot section.
Conventional engines with fixed geometry must reduce turbine entry temperature to reduce power, A decrease in turbine entry temperature leads to a reduction in thermal efficiency and an increase in SFC.
A turbine shares the work of driving the compressor system with other turbines in a multi-spool engine and the nozzle defines the pressure split. As these components are usually choked, employing a variable area turbine may require one or more of the other components within the expansion path to vary as well; typically the propelling nozzle.
MATCHING PROCEDURE
The method used within this paper was developed by do Nascimento [4] for fixed geometry turbines as part of his PhD project and published in [5] . This method has now been adapted [3] to cater for the use of a variable flow LP turbine.
The first part of the method consists of matching the two turbines, and the second part of the exercise involves matching the compressors.
PART 1 TURBINE MATCHING
This method assumes the turbines are choked therefore their non-dimensional mass flow dose not change. In the case of fixed geometry turbines the non-dimensional mass flow of each turbine must be equal in the two cycles being analysed. This process of ensuring equality of nondimensional mass flow( _ ( Prj)
GPM HPM
is termed matching. When variable capacity turbines are being used a certain pre-determined difference in non-dimensional mass flow is assumed to reflect the allowable variation in the flow 'Matching of the HP Turbine
In the case of a two spool engine, the high pressure (HP) turbine is matched first This implies the choice of the main cycle parameters which is carried out from the engine mission. A graph of overall pressure ratio (OPR) vs HP turbine _ 17 was produced (Figure 4 ) for the cycles of interest, in this case the two modes of operation LP mode (Altitude = ISASLS, Velocity, M=0, TET=1500K) and HP Mode (Altitude = 6Icm, Velocity, M=1.2, TET=1800K). The overall pressure ratios of the two modes were selected (In this case 0PR=26 for both modes). This yields the appropriate values of _ E. for each cycle ( Figure 5 ). As we require opposite effect was observed. The HPM IP compressor line moved further away from the LPM IP compressor fine indicating an increase in IP compressor variable geometry would be required thus defining the ratio of mass flows for equality of nondimensional mass flow, 0.984 in this case.
Matching of the LP Turbine
It was proposed here to incorporate variable nozzle guide vanes in LP turbine, accepting a high level of technological risk. Once the HP turbine had been matched The next step was to match the LP turbine for the cycles of interest.
From the work compatibility of the HP shaft a graph was produced showing HP compressor pressure ratio vs LP turbine inlet LT (Figure 6 ) for both modes. The LPT non dimensional mass flow can be matched using the ratio of mass flows found by matching the HPT, thus giving the HPC pressure ratios for both modes.
Limits of -12% and +6% variation of the LPM LP turbine non-dimensional mass flow were selected from research conducted in [2] to reflect the LP turbine variable geometry. In the present example the LP mode LPT nondimensional flow is assumed to be 12% less than with a fixed geometry turbine.
A HP compressor pressure ratio is arbitrarily selected for one of the modes ( in this case LPM HPC pressure ratio = 3.6). Using a graphical procedure (Figure 7) , the LPM LP turbine inlet .11 is found (3.05 x 10" 5 ) from the minimum non-dimensional mass flow line (-12%). Multiplying this value by the ratio of turbine mass flows found in the matching of the HP turbine (0.984) we get the value of the HPM LP turbine inlet.._ff (3.00 x 10), then using the • appropriate curve (HPM) we get the HPM HP compressor pressure ratio (3.03) to ensure equality of non-dimensional mass flow.
PART 2 COMPRESSOR MATCHING
The next step in the procedure was to ascertain that the design of the compressors can satisfy the requirements imposed by the turbines in the two cycles. Compressor running lines were produced (Figure 8 ) by simulating the off design performance using the TURBOMATCH program [6] .
It can be seen that the IP compressor running lines ((IPC-HPM-VGT) and (IPC-LPM)) have moved closer together compared to those utilising fixed geometry turbines ((IPC-HPM) and (IPC-LPM)) thus reducing the extent of the variable geometry required.
The LP compressor running lines aligned for both the HPM with fixed turbine geometry and variable turbine geometry indicating that the LP compressor variable geometry remains the same in both conditions. The HP compressor tine (HPC-HPM-VGT) has moved slightly to the left indicating that a small amount of variable geometry may be requited for satisfactory performance.
The optimisation procedure was repeated matching to the maximum increase in LPM LP turbine non-dimensional mass flow and the compressor characteristics produced. The
BYPASS RATIO EXPANSION
The greater the difference between the operating modes of a variable cycle engine in terms of overall engine parameters such as bypass ratio, overall pressure ratio and turbine entry temperature, the greater the difference is in the manner the various engine components operate leading to increased component matching problems to achieve satisfactory performance. A study was conducted into the feasibility of expanding the bypass ratio range of the SBVCE between the two modes of operation utilising variable geometry within the compressor system and LP turbine to maintain satisfactory operation.
A performance simulation was carried out using the TURBOMATCH [6] program for various bypass ratios and the compressor characteristics produced (Figure 9 ). The turbine entry temperature and overall pressure ratio of both modes were kept the same as before, the bypass ratio was altered and the intake mass flow adjusted to maintain the same core mass flow as in the original mode to keep the turbines matched.
Reducing the bypass ratio of the HPM resulted in the IP compressor running lines for both modes moving closer together indicating an improvement in the matching requirements of the IP compressor. The IP compressor was always the most difficult to match. The running lines for the LP compressor move further apart indicting an increased variable geometry requirement for the LP compressor. Increasing the LPM bypass ratio has the effect of moving the running lines for the LP compressor for both modes further apart indicating a increase in variable geometry for satisfactory matching.
The effect of expanding the bypass ratio of the two modes of operation was studied and it was found that reducing the bypass ratio of the HPM to 0.1 can give thrust benefits at high supersonic flight velocities and at altitude. In this case a 20% increase in specific thrust. Increasing the bypass ratio from 1.0 to 1.1 and 1.2 yielded small improvements in SFC at subsonic flight velocities, reductions of 3% and 5% respectively and improved the front/rear thrust split of the engine for V/STOL operation.
CONCLUSIONS
The versatile mixed graphical-numerical matching procedure developed in [4] has been adapted to cater for a variable flow turbine, resulting in improved matching between the engine components used in various modes of operation.
Matching the high pressure mode to a reduced LPM, low pressure turbine non-dimensional mass flow reduced the requirement for variable geometry within the IP compressor but at the expense of possibly a small amount of variable geometry within the HP compressor system.
The effect of expanding the bypass ratio yielded improvements in the fuel requirements of the engine at subsonic flight conditions and thrust improvements at high supersonic flight velocities and at altitude. These benefits justify further investigation. In the future the mechanical design issues will need to be assessed and comparison made to examine if the performance benefits achieved justify the increased weight and complexity due to the extensive use of variable geometry.
The increase in front rear thrust split allowed the engine to be moved back closer to the rear of the aircraft, giving advantages in airframe integration. 
